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ABSTRACT 



A method for producing a substantially silica-free com- 
position of matter comprising a matrix of MoSi2 having 
SiC dispersed therein, the matrix being reinforced with 
a particulate ductile refractory metal, the method com- 
prising providing a composite of the particulate ductile 
refractory metal and a substantially silica-free compos- 
ite mechanical alloy powder comprising MoSi2 and SiC 
having a composition in that segment of the ternary 
diagram of FIG. 1 designated A, and consolidating the 
composite of particulate ductile refractory metal and 
mechanical alloy powder; the coefficient of thermal 
expansion of the M0S12 matrix having SiC dispersed 
therein being substantially equivalent to that of the 
particulate ductile refractory metal. The composition of 
matter formed by the method and an article of manufac- 
ture comprising the same are also disclosed. 

7 Claims, 1 Drawing Sheet 
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barrier coatings at the fiber-matrix interfac in ductile 
REFRACTORY METAL REINFORCED MOSI2/SIC fiber-reinforced MoSi2 [Xiao et al, Mater. Sci. Eng., 
COMPO SITE WITH MATCHED THERMAL Vol. A155, p. 135 (1992)]. 

COEFFICIENTS OF EXPANSION In attempting to control the oxygen content of 

5 M0S12 by varying th starting powder size and by inten- 
BACKGROUND OF THE INVENTION tional carbon additions (deoxidant), Maxwell [NACA 

Research leading to the completion and reduction to ™ E52B06 (1952)] found that a fine-grained material 
practice of the invention was supported, in part, by the with carbon additions had better creep properties and 
Defense Advanced Research Projects Agency, Office lower high-temperature plasticity than a similar grain- 
of Naval Research, Department of Defense, Grant Nos. 10 size material without carbon. More recently, Maloy et 
MDA972-88-J-1006 and N00014-91-J-4075. The United al [J. Am. Ceram. Soc., Vol. 74, p. 2704 (1991)] also 
States Government has certain rights in and to the reported improved elevated temperature fracture 
claimed invention. toughness with varying levels of carbon additions. 

A __ rrATTHMc However, substantial (-40%) weight losses were re- 

RELATED APPLICATIONS is ported on consolidating these samples, resulting in con- 

The present application contains subject matter dis- trolled formation of Mo-rich second phases. Hardwick 
cl sed in U.S. patent application Ser. No. 08/069,706 et al [Scripta Metall., Vol. 27, p. 391 (1992)] attempted 
filed Jun. 1, 1993, by the above-named co-inventors, the to process oxygen-free MoSi2 by conducting all the 
entire content and disclosure of which is incorporated powder handling and consolidation steps under vacuum 
h rein by reference. 20 or inert gas atmospheres. However, these approaches 

1. Field of the Invention [Hardwick et al, supra; and Schwarz et al, Mater. Sci. 
The present invention relates to MoSiz/SiC compos- Eng., Vol. A155, p. 75 (1992)] are impractical from the 

ites reinforced with refractory materials) and composi- standpoint of processing bulk structural parts due to the 
tions of matter and articles of manufacture based difficulties involved in the scale-up of the evacuation 
thereon. 25 systems, as well as the excessive costs that would be 

2. Discussion of the Prior Art associated with such processes. 

Silicides of transition metals such as molybdenum Qther methods for forming MoSi2/SiC composites 
disilicide (MoSi 2 ) and composites comprising matrices m described m tj. S , PaL Nos. 4,927,792 and 5,000,896. 
of the transition metal sihcide reinforced with silicon ft . ±tTe{ clear ^ ft^her enhancements in the 
carbide (SIC) are considered valuable materials for 30 ^ of MoSi and MoS i 2 -based composites are 
bgh-temperature structural apphcations due to their Qmy ^ ^ of ^ (and oxyg en) 

high melting point, excellen^xidation and corrosion £ matrix, along with close control of the overall 
resistance, low density and good electrical thermal stoichio ^ ^ of ^ le md 

conductivity properties. Similar to many other high- ^ ^^^^^^ot^^^^ 
temperature intermetalhcs, the use of M0S12 is limited as 35 wi^»ui 6 ^ 

a structural material due to its low ambient temperature powder handhng. . Mmm 

fracture toughness and poor elevated temperature J* C1 ?™° { *T ™ mC > ^ ^SS^Z 
* disihcide (M0S12) and composites based thereon are 

8 Tnumber of approaches for the processing of this considered as potential ^materials for high temperature 
intermetalUc are unsuitable due to its high melting point 40 structural apphcations due to their high melting points 
and owing to the fact that it exists as a line compound. ^ d high temperature oxidation resistances. 

Furthermore, the relatively high dissociation pressures H« ■ « of these abodes as structural materials is ,cur- 
of MoSi 2 at elevated temperatures result in uncontroUed rently limited by their low room temperature fracture 
second phase formation due to silicon volatilization |T. toughness and poor elevated temperature strength. 
G. Chart, Metal Science, Vol. 8, p. 344 (1974); and 45 Toughening of these materials can be achieved by the 
Searcy et al, J. Phys. Chem., Vol. 64, p. 1539 (I960)]. In incorporation of particles, fibers or laminates of ductile 
view of these characteristics, powder processing has refractory metals such as molyMenum, tantalum, mo- 
been the preferred fabrication route due to the lower bium, tungsten, etc. This approach, until now, has had 
processing temperatures that it affords; unfortunately, it two major limitations: /r -^^ . 

also results in the incorporation of silica (originally 50 1- Coefficient of thermal expansion (CTE) mismatch 
formed as a surface layer on the powder particles [Ber- between the ductile reinforcements and the matrix: The 
kowitz-Mattuck et al, Trans. Metall. Soc. AIME, Vol. CTE of the ductile fibers should closely match that of 
233, p. 1093 (1965)]) into the consolidated samples. The the matrix material in order to minimize the residual 
presence of grain boundary silica either as a continuous stresses due to CTE mismatch that would arise upon 
film or as discrete particles is detrimental since the parti- 55 thermal cycling during its manufacture and use. Ifsuffi- 
cles may serve as crack nucleation sites at lower tem- ciently large, these residual stresses lead to extensive 
peratures, while enhancing deformation via grain cracking in the composite, thus destroying the struc- 
boundary sliding at temperatures about 1,200* C. where rural integrity. Hence, until now, the choice of suitable 
the silica softens appreciably. In fact, recent studies reinforcements has been limited to those reinforcements 
have shown that low silica noncrystalline MoSi2 dem- 60 which have CTE's that approximately match that of the 
onstrates negligible "plasticity" below 1,400° C. [Aikin, matrix. Rarely is a perfect match of the CTE's possible. 
Jr., Scripta Metall., Vol. 26, pp. 1025-1030 (1992)]. 2 . Stability of the diffusion barrier coatings on th 
Silica formation also alters the matrix stoichiometry and ductile reinforcements: Frequently, these ductile rein- 
results in the formation of MosSi3. Such stoichiometric forcements (fibers, particles or laminates) tend to react 
deviations degrade the intermediate temperature oxida- 65 with the matrix material at elevated temperatures. To 
tion resistance [Meschter, Metall. Trans., Vol. 23A, pp. prevent the degradation of the reinforcements associ- 
1763-1772 (1992)] of the silicide. Finally, silica has also ated with such reactions, it is customary to coat th 
been reported to cause the degradation of the diffusion fibers with a layer of Ah03, Zr02, Y2O3, etc., so as to 
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form a diffusion barrier between the ductile reinforce- The present invention is further predicated on the 
ment and the matrix. Silicide matrices have a peculiar discovery that a novel comp site powder having a 
problem associated with these diffusion barri r coatings composition in segment A of FIG. 1 having enhanced 
due to the fact that they contain minor amounts of silica. strength properties and a wide variety of applications, 
It has been found that the protective diffusion barrier 5 all unshared by such composites pr pared according to 
coatings on the ductile reinforcements react with the prior art methods, can be produced substantially silica- 
silica present in the matrix, thus rendering their pr tec- free by mechanically alloying pure powders of molyb- 
tive properties ineffective. This, in turn, leads to exten- denum, silicon and carbon, and subsequently consoli- 
sive reactions between the matrix and the ductile rein- dating them, whereby MoSi2 and SiC are formed in situ 
forcements at these locations, thereby limiting the use- 10 and advantage is taken of a simultaneously on-going 
ful life of these composites. carbothennal reduction reaction whereby any silica is 

It is an object of the present invention to provide for reduced to silicon carbide. The resulting substantially 

the synthesis of composites of MoSi2 with the cap ability silica-free composite powders are capable of being con- 

of tailoring the thermal coefficient of expansion (CTE) solidated, for example, by powder metallurgical tech- 

of the silicide matrix accurately so as to match those of 15 niques to produce SiC reinforced MoSi2 articles having 

a wide variety of ductile reinforcing materials which heretofore unattainable high-temperature structural 

would otherwise not be amenable to incorporation properties. These mechanically alloyed powders can be 

therein. subjected to processes such as plasma spraying in order 

It is another object of the invention to provide struc- to provide coatings of MoSi2 and SiC on the desired 

rurally sound composites which are free of cracks and 20 articles. The overall CTE of the coating is controlled by 

other flaws and the choice of a wide range of ductile varying the powder composition in segment A. 

reinforcements which have excellent high temperature Throughout the specification and in the appended 

properties, the use of which was previously limited due claims, the following terms have the meanings and defi- 

to the dissimilarity of the CTE of the reinforcements to nitions set forth hereinbelow: 

the matrix. 25 "Composite" is used herein to denote man-made ma- 
It is an additional object of the invention to provide terials in which two or more constituents are combined 
substantially silica-free ductile reinforced MoSi2 com- to create a material having properties different than 
posites. those of either constituent. One type of composite iden- 

TXTtrcMTT/wT titled herein is a composite powder which consists of a 

SUMMARY OF THE INVENTION 3Q physical mixture of two or more constituent powders, 

The above and other objects are realized by the pres- e.g., MoSi2 and SiC. Another type of composite is, e.g., 

ent invention, one embodiment of which relates to a a binary or ternary (or higher) matrix composite which 

method for producing a substantially silica-free compo- consists of a matrix material, e.g., MoSi2, and a rein- 

sition of matter comprising a matrix of a transition metal forcemeat material, e.g., SiC, distributed in and bound 

silicide, e.g., M0S12 having SiC dispersed therein, the 35 together by the matrix. 

matrix being reinforced with a particulate or fiber due- "Mechanical alloying" as used herein refers to the 

tile refractory metal, the method comprising providing well known high-energy attrition process whereby 

a mixture of the fiber or particulate ductile refractory atomic scale mixing of elements occurs under condi- 

metal and a composite mechanical alloy powder having tions of high impact between the particles such that 

a composition in that segment of the ternary diagram of 40 cold welding of the elements occurs to produce a par- 

FIG. 1 designated A, and consolidating the composite ticulate alloy of the elements. The high attrition ener- 

of particulate or fiber ductile refractory metal and me- gies are preferably achieved in a ball milling system, 

chanical alloy powder; the coefficient of thermal expan- The term "substantially silica-free" is intended to 

sion of the MoSi2 matrix having SiC dispersed therein refer to composites containing less than about 1% by 

being substantially equivalent to that of the particulate 45 volume of Si02. 

or fiber ductile refractory metal. "Consolidating" as used herein is intended to refer to 

A further embodiment of the invention comprises the any of the well known techniques for converting pow- 

composition of matter formed by the above-described dered materials to dense, self-supporting, composite 

method. articles. The term embraces, but is not limited to, sinter- 
Yet another embodiment of the invention relates to 50 ing, hot pressing, extrusion, hot forging, hot rolling, 

an article of manufacture comprising the above compo- swaging or any other applicable powder metallurgical 

sition of matter. technique. 

^ ™> a „,~ T - Mechanical alloying of the constituent elements re- 

BRIEF DESCRIPTION OF THE DRAWING ^ m ^ forma ^ of a nucrostructuraUy uniform 

FIG. 1 is a ternary diagram of Mo — Si — C composi- 55 and compositionally homogeneous alloy of the desired 
tions. stoichiometry and the carbothennal reduction process 

nPTATT pn nP^ruTPTTOM of thp utaizes red ucing properties of carbon to convert 
DETAILED DESCRIPTION OF THE silica to silicon carbide. In addition, mechanical alloy- 
INVENTION m g enables the homogeneous dispersion of carbon 
The present invention is predicated on the discovery 60 throughout the matrix to facilitate these reactions, 
that the CTE's of the ductile reinforcing material and The mechanical alloying process consists of the re- 
the MoSi2 matrix of the MoSi2/SiC-ductile reinforcer peated welding, fracturing and re-welding of the pow- 
can be tailored to substantially match each other, der particles in a high energy ball mill. Alloying is ef- 
thereby overcoming the disadvantages associated with fected by the ball particle collisions in several stages, 
prior art composites and permit the utilization of a 65 The progress of alloying can be studied in detail by 
wider variety of reinforcing materials by varying the following the micro-structural changes by X-ray dif- 
amount of SiC in the MoSi2/SiC composite formed via fraction, transmission electron microscopy and scan- 
mechanical alloying. ning electron microscopy. 
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Th powder size gets finer through the passage of 
time through the mechanical alloying process and the 
final powder size is typically less than 1 micron. Th 
compositi n of the individual powder particles also 
converges to that of the blend composition. Th final 5 
stage of the mechanical alloying process is a steady state 
process. 

The mechanical alloying process may be carried out 
in small shaker mills such as the Spex mill for processing 
a few grams of powder, or in a high energy mill such as 10 
the Szegvari attritor (0.5 kg to 100 kg of powder). For 
the processing of larger batches of powder (up to 2,000 
kg), it is more convenient to use conventional ball mills 
that may rotate around a central horizontal axis. The 
ball mill approach can achieve high energy conditions IS 
by ensuring a large diameter of the mill (at least 0.5 m, 
and preferably over 2.5 m) and rotation below a certain 
critical speed [see U.S. Pat No. 4,267,959]. The scaling- 
up from one process to the next is not direct and the 
process parameters for the different systems are not 20 
known to be related. 

The particle sizes of elemental powders of Mo, Si and 
C to be mechanically alloyed may range from about 1 
jim to about 100 ftm, although the range of the starting 
particle size will not limit the scope of the process. In 25 
general, it is to be recognized that smaller particle sizes 
lead to higher surface area per unit mass of the particles 
and, therefore, to increased possibilities of contamina- 
tion. 

The initial composition of the Mo— Si— C powder is 30 
chosen to form a composite alloy close to the MoSi2/- 
SiC tie line of FIG. 1, but which is slightly molyb- 
denum-rich, i.e., lying in segment A of the diagram. 
Thus, composites having varying volume fractions of 
SiC can be formed according to the method of the in- 35 
vention. 

Elemental powders in the desired proportion are 
introduced into a conventional water-cooled planetary 
attritor employed in conventional mechanical alloying 
processes and the mechanical alloying is carried out 40 
using hardened steel milling media, preferably under a 
slight over-pressure of titanium-gettered argon or any 
other medium suitable for excluding oxygen. 

The mechanical alloying process is continued until 
such time that further milling or alloying does not alter 45 
the structural characteristics of the powder. Generally, 
should correspond to the state where the elements are 
distributed in a homogeneous manner throughout the 
mechanically alloyed composite powder. 

The time for the mechanical alloying process is not a 50 
unique or constant processing parameter, but is rather 
dependent on a host of conditions such as the type of 
mill (Spex versus Szegvari), the ratio between the mill- 
ing media and the powder charge, the size of the mill, 
the type of the elemental powders to be milled, etc. The 55 
process parameters of the different systems are not 
known to be related and determination of the process- 
ing conditions such as the time for complete alloying is 
accomplished by following the progress of the mechani- 
cal alloying process through such techniques as X-ray 60 
diffraction, scanning and transmission electron micros- 
copy. 

The choice of the milling media or the milling con- 
tainer need not be limited to hardened steel alone. 
Wear-resistant ceramic media such as tungsten carbide 65 
may also be employed as both the milling media and 
liners for the attrition mill. A major consideration gov- 
erning the choice of milling media is the contamination 



resulting from wear and abrasion during the milling 
process. This dictates the choice of the milling media. 

The mechanical alloying process can alternatively be 
carried out in small shaker mills such as the Spex mill 
for processing a few grams of the powder, or in high 
energy mills such as the Szegvari attritor (0.5 kg to 100 
kg f powder). For the processing of larger batches of 
powder (up to 2,000 kg), conventional ball mills with 
high energy capacity may also be employed. 

The particle size of composite alloy powder pro- 
duced by the mechanical alloying process will depend, 
of course, upon the conditions and duration of the attri- 
tion-MA process. Generally, however, the product will 
have a particle size in the range of from about 0.01 um 
to about 50 /iin, and preferably from about 0.1 pun to 
about 5 jxm. 

Ternary isotherms of the Mo— Si — C system, as 
shown in FIG. 1, were constructed by Nowotny et al 
[Monatsh. fur Chemie, Vol. 85, p. 255 (1954)] at 1,600° 
C. and by Brewer et al [J. Electrochem. Soc, Vol. 103, 
p. 38 (1956)] at around 1,727° C. Subsequently, Van Loo 
et al [High Temp. High Press., Vol. 14, p. 25 (1982)] 
constructed a 1,200 s C. isotherm after examining arc- 
melted alloys and diffusion couples. The only ternary 
phase in the Mo — Si — C system is the "Nowotny 
phase" which has the approximate formula C<iMo<5- 
Si3 and a relatively wide homogeneity range [Nowotny 
et al, supra; Parthe et al, Acta Crystallogr., Vol. 19, p. 
1030 (1965); Brewer et al, supra; and Van Loo et al, 
supra]. Minor additions of carbon to MosSi3 destabilize 
its tetragonal structure and result in the formation of a 
carbon-stabilized hexagonal Nowotny phase. These 
Nowotny phases have the general formula 
T^T 1 1 <2M3X< i where T denotes a transition metal, M 
represents Ge or Si, and X denotes a non-metal such as 
C, O, B or N [Parthe et al, supra]. The presence of 
carbon-centered tetrahedra is characteristic of the No- 
wotny phases and accounts for their stability. While the 
isotherms of Nowotny et al and Brewer et al are in good 
agreement with each other in their prediction of the 
existence of a three-phase field between MoSi^ C<i- 
Mo<sSi3 and SiC, the results of Van Loo indicate the 
co-existence of MosSi3, SiC and C<iMo<sSi3 at 1,200° 
C. Recently, it has been postulated by Costa e Silva et al 
[submitted to Metall. Trans., 1993] that the Van Loo 
and Brewer diagrams are consistent with each other 
only if a Class II, four-phase reaction (MoSi2+Nowot- 
ny-^SiC+MosSi3) exists between the temperatures at 
which these isotherms were constructed, i.e., 1,200° C. 
and 1,727° C. 

Based on the 1,600* C. isotherm of Nowotny and the 
1,727° C. isotherm of Brewer, it is clear that ternary 
powder alloys within the composition limits established 
by the MoSi2+C<iMo<5Si3+SiC three-phase field 
should form a thermally stable, three-phase microstruc- 
ture when consolidated at these temperatures, provided 
that the powders are sufficiently homogeneous to mini- 
mize the diffusion length scales so as to establish equilib- 
rium within the short time frames of the consolidation 
process. Here it is assumed that the nature of the iso- 
therms is unaltered by the presence of small amounts of 
oxygen present as surface Si02 on the powders. While 
part of the carbon would take part in the deoxidation/- 
carbo thermal reduction reactions, the unreacted resid- 
ual carbon would exist in equilibrium, as dictated by the 
isotherm. 

For the formation of MoSi2/SiC composites with a 
minimal amount of the Nowotny phase, it is necessary 
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to start with nominal compositions slightly to the Mo- Mo — Si — C powder will not yield the desired micro- 
rich sid (i.e., segment A of FIG. 1) of the MoSi2/SiC structures due to the conflicting requirements of the 
tie line to restrict th compositional variations (carbon deoxidation and silicon volatilization reactions. Main- 
and silicon losses) due to the carbo thermal reduction taming a constant vacuum 1 vel of better than 10- 3 
reactions do not shift the overall composition to the 5 Torr, while efficiently removing the entrapped gases at 
adjacent Si+SiC-hMoSi2 field where the silicon would lower temperatures, also leads to silicon volatilization at 
experience incipient melting and thus result in the deg- temperatures above 1,550° C. On the other hand, main- 
radation of the high-temperature mechanical properties. taining a constant argon over-pressure, while eliminat- 
Bearing this in mind, it is possible to vary the amount of ^ silicon volatilization, results in incomplete deox- 

the reinforcing SiC phase in the MoSi 2 matrix by simply i 0 i^i on substantial sample porosity, 
choosing compositions at various points along the tie Tq ±e optimum microstructure, the present 

line. Note that the formation of the thermodynamically ^ fc cmied QUt ^ ^ stages ^ def h 

expected microstnicture may also be limited by various loaded in the dies and very low pressure (less 

kinetic constraints. Similarly, processmg-related effects ^ * fc Ued Qn ^ cdd com ct w ^ ^ 
suchas^^^ 15 ^p^^^ 

view of the gaseous by-products formed as a result of ? g ' * t0 ljmr c . and held at 

thecarbothermal reduction reaction. such temperature for 30 minutes under a vacuum of 

The primary aim of the present invention is to form ; u T iV . T Tj . Al _ A . 
low ox?^Zw silica) content composites comprised $fer ! 0 " 2 J orr m °T^f7w?^w 
ofsmcidlandsiUconcWbide.Toattamtte 20 The sample is subsequently heated to 1 600 C to 1.750 

use is made of the carbothermal reduction reaction in C. under an argon over-pressure and densified for 1 
order to reduce the silica to silicon carbide. Carbon, the hour at such temperature under a pressure of 20-40 
essential element necessary to deoxidize the matrix, is MPa. Subsequently, the pressure on the compact is 
incorporated through mechanical alloying. Mechanical released and the sample is cooled at 5° C. per minute to 
alloying is a high energy attrition process where atomic « room temperature. Furthermore, the uniform dispersion 
scale mixing of the elements occurs. of carbon in the mechanically alloyed powder also en- 

The processing of oxygen-free MoSi2 by carbon addi- sures the uniform dispersion of the silicon carbide 
tions requires the following two considerations: formed as a result of the carbothermal reduction reac- 

(1) Elimination of the Si02 through its conversion to tions and the cooperative displacement reactions. The 
SiC. The overall reaction can be written as: 3Q powder formed as a result of the mechanically alloying 

process is very fine (less than 1 micron). As known by 
Si02+3C-*SiC+2CO. those skilled in the art, the use of such fine powders aids 

in the densification of materials. 
The thermodynamics of this reaction indicate that it j t s h ou ld be noted that the deoxidation of commercial 
is feasible above 1,450° C. In order for the above deoxi- MoSi2 by carbon additions without a commensurate 
dation reaction to proceed in the forward direction (SiC ™ increase m the silicon content [Maxwell, supra; and 
formation), the gaseous by-products (for example, CO) et ^ supra j would result m compositional shifts 

of the reaction must be removed. If this is not accom- ^ m imaginary foe between MoSi 2 and C and a 
plished properly, considerable amounts of entrapped corresponding increase in the amount of the Nowotny 
porosity would develop in the compact This necessi- . according to the diagrams by Nowotny and 
tates the use of vacuum levels of better than 10~ 2 Torr w grewer (FIG 1) 

in order to evacuate the product gases from the com- ^ ^ following example, two powder compositions 
pact The compact should atao bra sufficient open were chosen for mechanical alloying (MA). Onecorre- 
porosity prior to and during the deoxidation reaction so ^ stoichiome tric binary MoSi 2 as a baseline for 

that the product gases are evacuated easily from regions £ ^ Qther was a t alloy in the 

such as the >core of the compact However upon com- «3 ^ three-phase field accord- 

p tat» l of the deoxidation, all porosity (both open and to Vi ifshould also be noted that the phase 

closed) should be minimized or eliminated. e r\ « . . - . ^ ™a 

(2) Prevention of silicon volatilization. evolution sequence, consolidated micro-structures and 
One of the peculiar characteristics of the suicide bod- Jermogravimetric analysis ^ . p» 

ies (especially at temperatures above 1,550° C.) is that 50 ticular alloy composition and may be different for other 
they dissociate to form silicon vapor at pressures below compositions, 
half an atmosphere. Furthermore, the tendency for EXAMPLE 1 

dissociation increases with an increase in the tempera- ^ ... , . , . , « 

ture. Thus, conditions typically present during consoli- . ™ e compositions investigated by mechanical alloy- 
dation such as low vacuum levels (and temperatures 55 mg m this study were Si—28Mc— 14C and Si-33.3- 
above 1,550' C.) would result in the progressive evapo- 3Mo (stoichiometric binary MoSi 2 ) (aU compositions in 
radon and loss of the elemental silicon from the suicide atomic percent). Mechanical alloying was performed in 
body in the form of silicon vapor. The final body would a water-cooled Szegvari attrition mill (planetary type) 
then not contain the desired microstructure (a mixture using hardened steel balls as the milling media and a 
of silicon carbide and the disilicide), but would have 60 ball-to-charge ratio of 5:1. Elemental powders of corn- 
considerable amounts of undesirable phases containing m rcial purity molybdenum (purity 99.9%, 2-4 uin) and 
lesser amounts of silicon. It is, how v r, possible to silic n (purity 98%, <44 u-m) and high purity carbon 
avoid such silicon losses by maintaining an over-pres- powder (99.5% pure, —300 mesh, am rphous) were the 
sure of argon greater than the dissociation pressure. starting materials. To minimiz e oxygen contamination 

From th above considerations, it may be seen that 65 during processing, high purity titanium-gettered argon 
m aintainin g a constant vacuum atmosphere or a c n- (oxygen content <4 ppm) under a slightly positive 
stant argon (over-pressur ) atmosphere for the duration pressure was maintained in the attritor. The progress of 
of the hot c nsolidation operation of the alloyed MA was m nit red by withdrawing small amounts of 
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powder samples fr m the same attrition batch after 0, the milling temperatures. This was confirmed by TEM 
0.5, 7, 17, 29, 40 and 42 hours of nulling. The powders observations. Beyond 29 hours, milling has little effect 
were characterized for structure and morphology by on the structure of the powders, a fact which was also 
SEM and XRD. In addition, powders obtained after 17 corroborated by the SEM observations which showed 
and 40 hours of milling were analyzed by TEM. For the 5 particle size stabilization aft r 29 hours. 
TEM analysis, powders were ultrasonically dispersed in Powders were characterized for th ir microstructure 
acetone, and a small droplet was spread on a holey by TEM. A dark-field TEM micrograph of a MA 
carbon film. The fine size «1 /im) of the powders MoSi2 powder particle milled for 40 hours reveals a fine 
ensured their electron transparency. distribution of crystallites, the sizes of which are be- 

Consolidation of the MA binary and ternary powders 10 tween 4 and 7 nm. In addition, the surfaces of the pow- 
was carried out by hot pressing under a vacuum of der particles appear to be covered with a layer of amor- 
10-2 Torr or better in an inductively heated graphite phous oxide, the projected thickness of which varies 
die at both 1,450° C. and 1,600* C. at a pressure of 35 from 5 to 15 nm. The selected area diffraction pattern 
MPa for 1 hour. To prevent cracking of the sample, the (SADP) from this powder indexes to the interplanar 
pressure was released prior to cooling. Samples for 15 spacings of Mo and a-MoSi2- X-ray diffractograms 
microstructural characterization were diamond-saw from these powders not only confirm the presence of 
cut, ground and polished to a 1 ftm diamond finish. Thin the predominant phases (Mo and a-MoSi2) determined 
foil TEM samples were prepared from the bulk samples in the S ADP's, but also reveal traces of the metastable 
following standard procedures of dimpling and argon /J-MoSi2 which reportedly occurs only above 1,900° C 
ion-milling at 4.5 kV. Microstructural analysis of the 20 under equilibrium conditions. The formation of the 
cons lidated samples, as well as the MA powders, was /3-MoSi2 at lower temperatures is not surprising and has 
perf rmed using a JEOLJSM 6400 SEM equipped with been reported during the annealing of amorphous 
a Tracer Northern EDS unit with light element detec- Mo-Si multilayers prepared by sputtering [Loopstra et 
tion capabilities and JEOL 200CX and JEOL 4000FX al J. Appl. Phys., Vol. 63, p. 4960 (1988); and Doland et 
TEM's, the latter equipped with a Princeton Gamma 25 al, J. Mater. Res., Vol. 5, p. 2854 (1990)], as well as in 
Tech EDS unit with a light element detector. ion-implanted MoSi2 films [d'Heurle et al, J. Appl. 

The transformation characteristics of the MA pow- Phys., Vol. 51, p. 5976 (1980)]. The presence of Mo and 
ders were monitored by differential thermal analysis MoSi2 in the as-milled powders suggests that silicon is 
(DTA) and thermogravimetric analysis (TGA). dissolved in the MoSi2 and Mo crystallites; this is also a 
DTA/TGA was performed under flowing gettered 30 metastable effect caused by mechanical alloying, since 
argon (1 cc/rnin. oxygen content < 4 ppm) on a Netzsch the terminal solubilities of Si in Mo and MoSi2 are negli- 
STA-409 system with heating/cooling rates of 10° gible at room temperature, although both Mo and 
C/min. Errors due to the differing specific heats of the MoSi2 are known to exist over a certain homogeneity 
sample and the reference were eliminated by using com- range above ~ 1,500° C. [Atomic Energy Review, Spe- 
mercial MoSi2 powder previously calcined under get- 35 cial Issue No. 7, edited by L. Brewer (International 
tered argon at 500° C. as the reference. For more de- Atomic Energy Agency, Vienna, Austria, 1980); and 
tailed investigations, powders were heated at 10° Gokhale et al, J. Phase Equilibria, Vol. 12, p. 493 
C/min. under gettered argon above each DTA exo- (1991)]. The possibility of amorphization of part of the 
therm, held at that temperature for less than a minute, silicon was considered, but was eliminated in view of 
and rapidly cooled for subsequent analysis. Structural 40 the experimental evidence against it [Koch, personal 
analysis of the powders and the consolidated samples communication, 1992]. The fine scale of the powder 
was carried out using a Philips ADP 3720 diffractome- microstructures and the intermetallic compound forma- 
ter operated at 40 kV and 20 mA with Cu Eradiation tion during mechanical alloying suggest a homogeneous 
and digital data acquisition over 2 9 ranges of 5M00\ distribution of alloying elements. EDS analysis of the 

45 powders also revealed the presence of trace amounts of 
A. Powder Microstructure - uon ^purities that were probably picked up from the 

The development of the powder morphology with hardened steel balls use for milling, 
increasing milling times was monitored. After 0.5 hour In order to ascertain the effects of carbon additions 
of milling, large particles with a diameter of 5-6 /im on the final structure of the MA powders, XRD pat- 
were predominant Refinement of the powder contin- 50 terns from the binary and ternary samples after 40 hours 
ued through 7 hours of milling, beyond which the re- of milling were compared. It was determined on the 
duction in powder size was gradual. basis of the relative intensities of the molybdenum and 

The powder size stabilized around 1 u,m after 29 a-MoSi2 peaks that the formation of a-MoSi2 is sup- 
hours and remained constant thereafter. pressed by the carbon additions. 

Structural evolution studies of the powders as a func- 55 R phase Evomt j ons 

tion of milling time indicated the formation of traces of 

)3-MoSi 2 (hexagonal form) after short milling times [0.5 The phase evolution of the binary and ternary MA 
hour]. Further milling [7 hours] results in a slight in- MoSi2 powders as a function of temperature was stud- 
crease in the amount of £-MoSi2, along with the gradual ied by DTA. A typical heating trace of the binary MA 
appearance of aMoSi 2 (tetragonal form). Further in- 60 MoSi 2 powder showed weak exotherms corresponding 
creases in the amount of a-MoSi2 continue through 17 to 580° C, 780' C. and 1,020° C. The transformations 
hours of milling, at which time elemental molybdenum corresponding to these exotherms were studied by 
and silicon are still present Milling beyond 17 hours XRD analysis of powders heated to temperatures above 
through 29 hours results in th almost complete disap- the end of each exotherm under identical heating condi- 
pearance of the silicon peaks, along with a considerabl 65 tions (10* C./min. under flowing argon). Comparison of 
broadening of the a-MoSi2 peaks; this is presumably due the room temperature and the 690° C. XRD patterns 
to the decrease in the crystallite size of a-MoSi2 rather showed that the mild 580° C. exotherm is associated 
than the effect of lattice strain since MoSi2 is brittle at with the formation of more a-MoSi2, as is evidenced by 
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the change in the relative intensities of the a-MoSi2 and A back-scattered lectron imag of a hot-pressed 
Mo peaks. Likewise, comparison of the 690° C. and 950° specimen derived from the carbon-modified MA MoSi2 
C. XRD patterns shows that the 780° C. x therm cor- powder showed considerable improvement in the over- 
responds to the simultaneous growth of o>MoSi2 and all homogeneity and cleanliness of th microstructure in 
MosSi3 (tetragonal). The 1,020* C. exotherm appears to 5 comparison with the samples derived from the binary 
be associated with the growth of a-MoSi2 at the expense MA M0S12 powder. Based on the at mic number (Z) 
of /J-MoSi2 and tetragonal MosSi3. Further heating to contrast, it is apparent that the material has three pha- 
higher temperatures [ 1 , 300° C] resulted in a decrease in ses. 

the amount of MosSi3 due to its transformation to a- Following qualitative analysis by EDS, the composi- 

MoSi2, although minor amounts of the MosSi3 were still 10 tions of each of these phases, as well as the overall 

apparent matrix composition, were determined by electron mi- 

The DTA trace of the ternary MoSi2 revealed exo- croprobe analysis. In addition, quantitative estimation 

thermic reactions with peaks at 540° C, 875° C. and of volume fraction of these phases was obtained 

1,030° C The transformation sequences of these pow- standard point count techniques. These results are 

ders were monitored in the same manner as the binary 15 summarized in Table I below. The data indicate the 

MA MoSi 2 powders. Comparison of the room tempera- presence of SiC (low Z phase), MoSi 2 (intermediate Z 

ture and 750° C patterns indicates that the mild 540° C. and 311 iron-containing Nowotny phase C<i(- 

peak corresponds to the partial transformation of mo- Mo^e)< 5 Si 3 (high Z phase) in the microstructure, and 

lybdenum to j8-MoSi 2 , while the analysis of the 750* C. **** secm , t0 support the isotherms proposed by No- 

and 935« C patterns suggests that the 875° C. exotherm 20 W T V ? * ™V™>™ d B T rewer « * supra [see FIG. 1] 

corresponds to the formation of the carbon-stabilized ^ ? f Vsa^oo et Furthermore, 

C<iMo 5 Si 3 (Nowotny) phase at the expense of molyb- volume ****** , of ^ ese ^** * e m reasonable 

denum. The possibility of this higher molybdenum sili- agreemen Wiethe location of die nommal composi- 

cide forming as an oxidation product rather than as a „ £ on ? . m ^\ T M ° S ^ + ? C+C< ^ 0<5Sl J 

phase transformation product was also considered, but 25 fi ' ld m * e Nowotoy a^gram As inentioned herein- 

was discounted on the basis of the TGA data which did *■» ™T ^ ? ^ ° 

. . . a ^ . « . , ened steel milling media. Interestingly, no iron was 

not show any mflections (due to wei ght loss or gams detected m ^ * oSi d he ^ ^ , ha$ a 

diat are normally associated with oxidation reactions) at of$olum ^ {oT kon jr^, et ^ ^ 

fce ^corresponding exothermic temperature (875 30 Metals Rev>> VoL 30t 68 (1985) j. ^ pre ferential 

Furthermore, the 1,030 C exotherm corresponds to , ocation of kon m ^ fc owomy p^e is probably re- 

&e transformation of the Nowotny phase and /J-M0S12 lated to ^ ^ter affinity of iron toward the carbon- 

to the more stable a-MoSi^ as evidenced by a compan- GeaSmA ^tahedt* of this phase. The relatively small 

son of the 935 C. and 1 070' C. XRD patterns Heating size differences between the atomic radii of Mo and Fe, 

to higher temperatures [1,400 C] results in a decrease 35 togethe r with the low levels of the iron impurity, make 

in the amount ofthe Nowotny phase and an increase m kon substitution on the molybdenum sites easy, since 

a-MoSt 2 . The DTA cooling curves of the binary and ^ resulting lattice strains would be small. It is also 

the ternary powders were flat in nature, thereby indicat- apparent that the Nowotny phase tends to adjoin the 

^^st^e structures. siC gr3 ^ 1Si thereby suggesting that its origin is probably 

The low-temperature formation of the carbon-stabil- 40 due to i ocal deviations from stoichiometry resulting 

ized Nowotny phase instead of the thermodynamicaUy from either Si02 or SiC formation. 

preferred a-MoSi2 phase is probably related to its 

greater ease of nucleation and growth. The stability of TABLE I 

the £-MoSi2 Up to 1,030° C. is also not surprising. Hex- Microstructural Characteristics ofthe Consolidated 

agonal £-MoSi 2 , formed by isothermal annealing of 45 Samples Derived From Ternary MA MoSi 2 Powders 

sputtered Mo — Si multilayers, has been reported to be 
stable up to 800° C The higher temperature stability of 
the p phase in this study is probably related to the pres- 
ence of iron and oxygen impurities rather than the rela- 
tiv ly high heating rates of the powders. This is consis- 50 
tent with the experimental evidence obtained from the 
isothermal annealing of the MA binary and ternary 
powders (820° C for a period of 1 hour), which demon- 
strated the stability of the /3-MoSi2 phase. TEM analysis of the carbon-modified material re- 

C. Consolidated Microstructure* 55 y f*^ a ^ogeneous microstructure with uniformly 

distributed second phases. The average grain size of the 
Microstructures of a hot-pressed specimen derived MoSi2 was between 3 and 5 u.m, which is much larger 
from the MA nominally stoichiometric MoSi2 powders than that of the material without carbon. The larger 
showed considerable amounts of second-phase particles grain size is a temperature-related effect as ternary pow- 
with volume fractions of about 0.25 present in the 60 der samples consolidated at 1,450" C. exhibited submi- 
MoSi2 matrix. TEM/EDS analysis of these samples cron grain sizes. EDS micro-analysis, with an ultra-thin 
rev aled the presence of submicron-sized grains of polymeric window of one of these phases showed the 
MoSi2 and second-phase particles which were amor- presence of silicon and carbon alone, indicating that 
phous and silicon-rich, indicating the presence of a these regions correspond to the dark (low Z) regions, 
glassy silica phase. The silica was present at the grain 65 SADP's were obtained along the major zon axes from 
boundaries and triple points. In addition, very fine (10 these and other silicon-rich regi ns and were consis- 
nm) dispers ids were found within the M0S12 grains, tently indexed to the cubic /3-SiC structure (with 
al ng with occasional grains of MosSi3. a=0.4359 nm). The £-SiC was present in the form of 1 
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urn-sized particles located predominantly along grain supra], rather than by the carbothermal reduction of the 
boundaries and at triple point regions. Furth rmore, the S1O2- This implies that while relatively minor weight 
SiC particles wer easily distinguishable based on the losses (up to 5%) due to carbothermal reduction of 
internal twinning observed. Alth ugh the microstruc- silica are unavoidable, careful control of the consolida- 
tural origin of these SiC particles is presently not well 5 tion temperature and vacuum levels can be used to 
understood, it is probable that their formation would prevent substantial weight losses ( ~ 40%), such as th se 
involve the following reactions: (a) carbothermal re- reported in previous studies [Maloy et al, supra], 
duction of silica to SiC, and (b) the cooperative dis- The ability to form substantially silica-free MoSi2 and 
placements of Si and C from M0S12 and C<iMosSi3 to MoSi2-based composites containing micron-sized SiC 
form SiC While the reaction mechanisms for (a) have 10 reinforcements opens up exciting avenues of applica- 
been discussed [Wei, J. Am. Ceram. Soc., Vol. 66, p. tions. Uniformly dispersed SiC in a modified MoSi2 
C-lll (1983)], the results of the phase evolution studies matrix will lead to considerable elevated temperature 
on the ternary powders do not indicate the formation of strengthening, in addition to improved fracture proper- 
SiC within the limits of detection of the XRD. How- ties due to. the enhanced resistance to grain boundary 
ever, the fact that these studies were conducted on 15 sliding brought about by the SiC particles dispersed 
loosely packed powders, at atmospheric pressures along silica-free grain boundaries, 
under flowing argon, as opposed to the consolidation A processing strategy utilizing carbothermal reduc- 
conditions that involve densely packed powders under tion reactions, mechanical alloying and carbon addi- 
highly reducing atmospheres, might have precluded tions has been provided by the present invention for the 
effective conversion of silica to SiC. On the other hand, 20 synthesis of silica-free MoSi2 and MoSi2/SiC compos- 
direct reaction between cooperatively displaced Si and ites. Using this approach, M0S12 and MoSi2/SiC com- 
C is also feasible above 1,435" C. based on the DTA posites have been fabricated starting from pure elemen- 
data of Singh [presented at the 94th Annual Meeting of tal molybdenum and silicon powders with and without 
the American Ceramic Society, Minneapolis, Minn., carbon additions. The structural and morphological 
1992]. In addition to /J-SiC, grains of the iron-contain- 25 evolution of the^wders has been studied as a function 
ing Nowotny phase (region B) were also easily distin- of milling time. It has been shown that complete attri- 
guishable, based on their lower ion-milling rates. Most tion is achieved after 29 hours of alloying. The resultant 
importantly, the grain boundaries also appeared to be powders are micron-sized and contain 4 to 7 nm crystal- 
free of silica, although a small amount was occasionally lites of molybdenum, a-MoSi2 and traces of j3-MoSi2- 
observed within the grains. Contrary to Maxwell's hy- 30 The addition of carbon to the starting elemental powder 
pothesis, supra, that molybdenum carbides would be mixture suppresses the formation of a-MoSi2in the fully 
present in the matrix as a reduction product of M0O3 milled powders. Minor amounts of iron impurities were 
and in accordance with the 1,600° C. isotherms-of No- also found in the powders due to the contamination 
wotny, none of the molybdenum carbides such as MoC from the milling media. 

and M02C were detected. 35 The phase evolution studies of the binary and ternary 

, . MoSi2 powders indicated that /J-MoSi2 is stable to 

D. Thermogravunetnc Analysis 1020 o Q at heating ^tos of 10 * c./min., in contrast to 

The results of the thermogravimetric analysis (heat- previous studies on the isothermal annealing of Mo — Si 
ing and cooling rates of 10° K/min.) of the MA binary multilayers which demonstrated stabilities to only 800° 
and ternary powders were compared. While both the 40 C While minor amounts of tetragonal MosSi3 evolved 
samples experienced weight losses above 1,200° C, as an intermediate transformation product in the binary 
those exhibited by the C-modified ternary MA MoSi2 MA MoSi2 powders, the evolution of the ternary 
powders were much higher than those of the binary MoSi2 powders showed the formation kinetics of the 
MA MoSi2 at all temperatures. Examination of the Nowotny phase C<iMosSi3 to dominate that of tetrago- 
XRD patterns of the binary MA MoSi2 at temperatures 45 nal a-MoSi2 at lower temperatures. However, tempera- 
above 1,200° C revealed minor amounts of tetragonal tures above 1,000° C. resulted in the progressive de- 
MosSi3, indicating a silicon-depleted powder. With the crease in the amount of these higher molybdenum pha- 
knowledge that the oxygen content of micron-sized ses. 

MoSi2 powders is about 1.5 atomic % [Maxwell, supra], Complete consolidation of the MA powders was 
it is quite possible that the weight losses above 1,200° C. 50 achieved at 1,450° C Amorphous silica that is found in 
ar caused by the dissociation of Si02 (under very low all conventional powder-processed matrixes was essen- 
partial pressures of oxygen) to the volatile SiO. On the tially eliminated through in situ carbothermal reactions 
other hand, the higher weight losses in the C-modified brought about by the additions of carbon through me- 
MA MoSi2 powders can be ascribed to the presence of chanical alloying. It is shown that composites consisting 
carbon. However, the mechanism in this case is the 55 of uniformly distributed micron-sized SiC particles with 
reduction of Si02 by carbon to volatile oxides such as varying volume fractions can be formed using this ap- 
CO, CO2 and SiO. proach. Significant grain size differences exist between 

The above data are consistent with the weight losses the microstructures processed from the binary powders 
experienced during the actual hot consolidation of the and those of the ternary powders, probably due to the 
ternary MA MoSi2 samples. Vacuum hot pressing of the 60 higher consolidation temperatures used in the latter. 
C-modified samples at temperatures of 1,550° C. and The formation of the iron- and molybdenum-containing 
below resulted in weight losses near ~4%, while higher Nowotny phase of the approximate composition C<o.- 
consolidation temperatures (1,700° C.) resulted in a near 5M <4.4Feo.4Si3 is also reported. The co-existence of 
doubling of the w ight loss (~ 8%). However, it should the Nowotny phase with MoSi2 and SiC is in agreement 
be rec gnized that th weight losses at temperatures 65 with the isotherm proposed by Nowotny et al, supra, 
above 1,700° C. are caused by the volatilization of sili- rather than that proposed by Van Loo et al, supra, 
con from MoSi2 due to the r latively high vapor pres- The products of the invention find utility in structural 
sures of silicon over MoSi2 [Chart, supra; and Searcy, applications (e.g., aerospace structures such as turbine 
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engines and combustors), as well as high temperature tics. The earlier processes use commercially available 

furnace heating elements for temperatures up to 1,800* powders of the MoSi2 compound. 

C. due to th ir excellent oxidation resistance, thermal (3) The present invention differs from the earli r 

stability and high electrical and thermal conductivity. publications regarding the intent of the carbon addi- 

Fabrication of silica-free, dense, silicide/silicon carbide 5 tions. While the earlier publications intend to utilize the 

composites from elemental powders consists of two carbon with the sole purp se of deoxidizing the silica in 

major steps: tke matrix, th present invention is cognizant of the 

i) preparation of mechanically alloyed powders of the ternary Mo— Si— C phase diagram data and deliber- 
desired composition based on the information from the ately us** carbon additions in order to form MoSi2/SiC 
isotherms; and 10 composites with varying volume fractions of SiC, in 

ii) consolidation of the resultant mechanically alloyed addition to deoxidizing and removing the silica, 
powders through appropriate consolidation processes. The present invention provides the following advan- 

Fabrication of dense, consolidated composite bodies over P nor , ^ 

from the mechanically alloyed powders is preferably 0) Greater of P roces f contro ] : P resent 

achieved by hot pressing the powders as follows: 15 P rocess ^ oy/Qd for a ^ ter d ?&™ of °? ntro1 c °™~ 

(a) Loading the powders from the mechanical alloy- t0 * e i«v»» P roc ^ m terms ofcontroLhng 

ing process into an appropriate die material (preferably * e overaU stoicmometry of Ae powder. This is illus- 

graphite) and applying a pressure of typically less than * ated ?J»- 1 wtae the additions of carbon to com- 

10 MPa on the compact so that the resultant "green ^ mercial MoSi 2 as in the pnor art shifts the overall com- 

body" has sufficient interconnected, i.e., open, porosity. 20 P 051 *™ ^ ^ff m * catecL M ^J? J een ' m " 

l ^^ m ^^^^^ F x^^^ to conSderable CMo 5 Si 3 formation due to the 

f. n f;/ mm - to a temperature between 1,350 C. and ofthe process , ^ a ^ MoSiz/SiC compos- 

/ \ « ij- *i_ 1 * **. * *, r *: 2 5 ite cannot be obtained in the prior art On the other 

(c) Holding the sample at the temperature for a tone ^ utmzation rf me ^ oying process 

penod sufficient to deoxidize the silica and remove the enables ^ ^vidual of me M o, Si and C addi- 

gaseous by-products of the deoxidation reaction. Pref- tions md ^ makes it Me to me overall 

erably, the time period of the deoxidation process is ^position so that it lies close to the tie line connecting 

between 15 minutes and 1 hour, under a vacuum of lQ MoSi2and sic This & ov/s the production of MoSi^- 

10-*Torr or better, in order to deoxidize the silica and siC composite ^ a minimal amount of CMo 5 Si 3 . 

remove the gaseous by-products of the deoxidation (2) ^^3^ homogeneity in the SiC distribution: 

reaction, such as CO and CO* The mechanical alloying process of the present inven- 

(d) Subsequently increasing the compacting uniaxial tion results m ^ distribution of the alloying elements 
pressure to 20-40 MPa so as to eliminate the porosity 35 on a fme scale (_ 10 mn). Consequently, this results in a 
and densify the sample, while simultaneously bleeding uniform distribution of the SiC particles in the MoSi 2 
an inert or a reducing gas into the hot pressing chamber matrix. On the other hand, the microstructures obtained 
so as to eliminate the silicon losses due to volatilization through the addition of carbon in the prior art are not as 
at high temperatures. homogeneous as in the present process in terms of the 

(e) Heating the sample to a peak temperature of be- 40 siC size and distribution due to the coarser scale of 
tween 1,600° G and 1,750° C. at a ramp rate of between mixing in those processes. 

5° C/min. and 50° Cymin. and holding the sample at (3) Lo wex consolidation temperatures: The powders 
such temperature. The time period ofthe hold should be produced by mechanical alloying are extremely fine 
sufficient to equilibrate and fully densify the sample. (~l jim size). It is well known that such fine powders 
Such densification/equilibration preferably requires a 45 are capable of being densified at a much lower tempera- 
time period of between 15 minutes and 5 hours, under a ture than coarser powders. Consequently, with all other 
uniaxial pressure of between 20 and 40 MPa. process parameters being constant, mechanically al- 

(f) Releasing the uniaxial pressure at the end of the loyed powders would have a consolidation temperature 
hold period and cooling the sample to room tempera- a t least 100° C lower than those of commercially de- 
ture, preferably at a rate of less than 10° C/min. so as to 50 rived powders with larger powder sizes. This should 
minimize the cracking due to thermally induced result in substantial savings in the processing costs of 
stresses. these materials. 

Typical prior art procedures for forming MoSi2/SiC (4) More effective elimination of silica: The present 

composites involve the addition of carbon to commer- invention eliminates silica from the matrix more effec- 

cial MoSi2 powder. The present invention differs from 55 tively than in the prior art The unique nature of the 

these methods in four important respects: current process enables a very uniform distribution of 

(1) The starting (raw) materials used for the fabrica- carbon and, hence, very efficient deoxidation of silica in 
tion of consolidated bodies is different in the present the matrix. 

invention when compared to the earlier publications. The above-described composites can be further 
The present process utilizes elemental molybdenum, 60 toughened according to the present invention by rein- 
silicon and carbon to synthesize MoSi2, as opposed to forcing the matrices with refractory ductile materials 
the use of commercial M0S12 powder as the starting such as tantalum, niobium, tungsten, vanadium, molyb- 
material in the prior art. denum and their alloys. 

(2) The meth d of MoSi2 powder production is en- In prior art attempts to utilize such reinforcers in 
tirely different in the present process. The present pro- 65 MoSi2, the major pr blems enc untered ar the degra- 
cess utilizes a solid state, high energy attrition process dation of the diffusion barrier coatings du to reactions 
called mechanical alloying to synthesize a mixture of with silica and the severe residual stresses caused by the 
molybedenum and MoSi2 which has unique characteris- mismatch in the coefficients of thermal expansion be- 
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tween the matrix and th r inforcemcnt phases. Elemental powders of Mo, Si and C of the desired 
Thr ugh th use of the ternary MA MoSi2 powders, it proportions are introduced into the wat r-cooled plane- 
is possible to form the desired volume traction of SiC tary attritor and the mechanical alloying process is 
reinf rcements in situ so as to tailor th ffective CTE carried out using hardened steel milling media under a 
of the matrix to match that of the reinforcement For 5 slight over-pressure of titamum-gettered argon. Typical 
example, the CTE of a refractory metal such as molyb- milling times for a 0.5 kg powder batch are about 40 
denum or tungsten is intermediate between that of hours. 

MoSi2 and SiC. As has been shown by Maloney et al Powder blending, as used herein, may be defined as 

[Mater. Sci. Eng., Vol. A155, p. 19 (1992)], controlled the step (or sequence of steps) that results in the ar- 

additions of micron-sized SiC lower the effective CTE 10 rangement of the mechanically alloyed powders and the 

of the MoSiySiC composite in accordance with the ductile reinforcements in the desired geometric configu- 

rule of mixtures and enable the use of refractory metals ration. For the production of ductile particle reinforced 

that have better strength retention at elevated tempera- composites and randomly oriented ductile fiber-rein- 

tures (such as Mo and W), but are otherwise limited in forced composites, the powder blending process in- 

their use due to their low CTE*s. Such an in situ modi- 15 vo i ves the mixing of the desired amount of fibers or 

fled matrix would also have the added advantage of particulates of the ductile refractory metal with the 

being free of silica and silicon, compared to composites mechanically alloyed powder for a period of two hours 

processed using commercial powders; this will prevent m ^ appropriate device. For the fabrication of lami- 

the coating degradation and enhance the useful life of na ted composites, the process consists of stacking alter- 

these composites. 20 iay ers 0 f the mechanically alloyed powder and 

The processing strategy involved in the invention the refractoiy metal lamina m graphite dies. Production 

utilizes a unique combination of mechanical alloying, of compos i tes with directionally reinforced ductile fi- 

carbon additions and in situ reactions, including carbo- bers would enta j] the use of fiber alignment techniques 

thermal reduction of silica (S1O2) to form varying ^ m currently available and well known to those 

amounts of a uniform dispersion of micrometer-sized 25 s y^^ in the art 

SiC particles in a MoSi 2 rnatrixreinforced with ductile ft should be noted ^ the particulates, fibers or 

fibers, particles or laininates. The overall CTE of the laminates may or may not be subject to an appropriate 

matrix is varied by controlling the amount of the in situ chemical 0f h ical surface treatment that would in- 

fomed suicon carbide in the smcide matrix. The con- ^ ^ diffusion barrier CQatm 

tent of the m situ formed SiC is m turn controUed by 30 Fabrication rf d consoUdaled, composite bodies 

varying the composition (lc, the content of demental mechanically alloyed powders is achieved by 

s±con, carbon andmolybdenum) of the starting mix- my q{ ^ ^e-dcLibrt co^olidation techniques, 

^ecompo^to of L molyMenum silicide and SiC and preferably ^J^^.^.^ . . 

processed using this scheme will find widespread use in 35 Hot Pressmg consists of the foUowmg steps: 

future aerospace structures (e.g., turbine Lgines and (fading the ra^^ 

combustors) due to the anticipated ambient and high- P™ ders £ d . *? 

temperature properties that they can provide. nates J* °!^ d of^l P 

Be processing scheme consists of three key steps: and a pplymg a pressure of 5 MPa. 

TlcsymiitslsofpowtosCaltoysofMo.Sia.dCJof ST » ■ «fea« lew. IOT C «l 

the appropriate compositions is achieved by the me- *v?„ , Al _ i * *u * ™*, , +:™ 

chaniS alloying process described above. (c) Holding the sample at the temperatur fo ■ aj bme 
TTiechoice of ? the initial composition of powders is a 45 period sufficient to deoxidize the silica and remove the 

unique parameter which is dictated by the overall CTE by-products of the deoxidation reaction. Pref- 

to which the matrix must be tailored. Knowledge of the ^ e pmodtf the deoxidation process is 

Mc-Si-C isotherm at 1,700* C. aids in the deterrnina- bet ^ een 15 mmutes . ** d } hour ' ™*?t a vacuum of 

tion of the compositions. Powder compositions are 10-*T«ror better, in .order to deoxidize the sihcaand 
chosen that He close to the MoSia/SiC tie line (see FIG. 50 remove the gaseous by-products of the deoxidation 

1), but are slightly molybdenum rich, i.e., lie in segment reaction, such as CO and CO2. 

A. Thus, composites with varying volume fractions of ( d ) Subsequently increasing the compacting uniaxial 

SiC can be formed depending on the overall CTE de- pressure to 20-40 MPa so as to eliminate the porosity 

sired. The overall CTE of the matrix is obtained from and density the sample, while simultaneously bleeding 
the composites rule of mixtures and is given by: 55 an inert or a reducing gas into the hot pressmg chamber 

so as to eliminate the silicon losses due to volatilization 

cwu//= v M oso*Mosn+ Vsicxsic at high temperatures. 

(e) Heating the sample to a peak temperature of be- 
wherein a refers to the coefficient of thermal expansion, tween 1,600° C. and 1,750° C. at a ramp rate of between 
and V is the volume fraction of the particular phase. 60 5° C./min. and 50° C./min. and holding the sample at 
CTE varies as a function of temperature for a wide such temperature. The time period of the hold should be 
range of materials. For example, the CTE of a refrac- sufficient to equilibrate and fully densify the sample, 
tory metal such as tantalum is intermediate between that Such densification/equilibration preferably requires a 
of M S12 and SiC. Accordingly, increasing the volume time period of between 15 minutes and 5 hours, under a 
fraction of the in situ formed SiC in the MoSi2 matrix 65 uniaxial pressure of between 20 and 40 MPa. 
lowers the overall CTE of the matrix (consisting of (f) Releasing the uniaxial pressure at the end of the 
M0S12 and SiC) so as to match that of the reinforce- hold period and cooling the sample t room tempera- 
ment, i.e. , tantalum. ture, preferably at a rate of less than 10° C./min. so as to 
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minimize the cracking due to thermally induced in situ to tail r the effective CTE of the matrix to match 

stresses. that of the ductile reinforcement, while th earlier pub- 

In advanced gas turbine engines, coatings are used to lications use a MoSi2 matrix in th absence f silicon 

protect engine components from oxidation and hot cor- carbide. 

rosion. Conventionally, these coatings ar physical 5 The present invention provides significant advan- 

vapor deposited onto the compon nt The component tages over the prior art methods and systems: 

life can be limited by the life of th coating. For compo- l. Ability to tailor the CTE of the matrix: By the 

nents subjected to high temperature, spalling of the suitable choice of the starting powder composition of 

coating due to the differences in the coefficient of ther- the mechanical alloying process, the amount of in situ 

mal expansion (CTE) between the component and the 10 formed SiC is controlled so as to match the overall CTE 

coating occurs during repeated thermal cycling. Coat- Q f the matrix with that of the ductile reinforcement 

ings derived by plasma spraying of the mechanically Thi s was not possible in the earlier processes where the 

alloyed powders with nominal compositions located choice of suitable reinforcements was severely limited 

along various points on segment A enables the tailoring ^ y cTC considerations. The present process results in 

of the overall CTE of the coatings by controlling the 15 ^ w of a variety of refractory reinforcements that 

relative amount of MoSi2 and SiC. were previously unsuitable due to limitations imposed 

An approach to limit these failure mechanisms is to by me cte differences. For instance, in the case of the 

vary the CTE of the coating by varying the MoSi 2 and MoSi2 syste m, CTE considerations limited the earlier 

SiC content in the coating. This is, m turn, controlled by choice of reinforcements to niobium (the best match 

the overall composition of the powders derived from 20 possible)> even though certain refractory metals such as 

mechanical alloying. Low pressure plasma spraying of t ten ^ its aU oys ha ve better strength retention 

the mechanical alloyed powder coatmg on the compo- cnaracteristics at elevated temperatures. Through the 

nent could achieve this objective nt h> it ^ to ^ tmgttm mamen ts 

It is to be noted ttet^ ^ thereby achieve further improvements in the ele- 

sess excellent resistance to oxidation, especially at high 25 vated t erature strength m Edition to improving the 

temperatures, i.e above 1,000 C temperature toughness. 

mti^^t transmission electron micrograph Homogeneity in theSiC distribution: The mecbani- 

(BFTEM) of a typical MoSi 2 matrix processed from & £ m ^ distribution of the 

commercial powder depicts a microstructure which « - , * c i , « A _\ 

reveals the presence of MoSi 2 grains, along with consid- 30 aUoymg elements on a fine scale (-10 nm) , Conse- 

erable amounts of silica. *«*r. *» L? a uniform distribution of the SiC 

A BFTEM of the typical matrix microstructure of particles m the MoSi 2 matrix, 
the MoSi 2 matrix processed using the method of the 3 * consolidation temperatures: AD pother pro- 
present invention shows a structure wherein grains of cess parameters being constant the fine size (~ 1 ,un)of 
0-SiC are uniformly dispersed throughout the matrix. It 35 ^ mechanically alloyed powders would permit con- 
is the presence of this in situ formed SiC that enables the solidation of the powders at temperatures lower than 
tailoring of the overall CTE of the matrix to match that typically used to consolidate commercial powder 
of the ductile reinforcement The absence of silica in ^P 1 ^ ™s would not ?*y result m , substantial sav- 
this matrix avoids detrimental effects on the diffusion ' m & m Processing costs of this material, but also m less 
barrier coatings on the ductile fibers. 40 damage to the refractory reinforcement during process- 

The prior art [Fitzer et al, Proc. of the 5th Int, Conf. m & . „ . „ . 
on Composite Materials, ICCM-V, AEME, Philadel- 4 * Absence of silica m the matrix: Effective ekmina- 
phia, Pa. 515 (1985); Xiao et al, supra; and Lu et al, Acta tion of sili °a from the matrix is also achieved by the 
Metall. Mater., Vol. 39, p. 1853 (1991)] discusses the process of the present invention. The elimination of 
improvements in the fracture toughness of MoSi 2 by 45 silic a not only translates to a matrix that has improved 
reinforcing MoSi 2 with ductile fibers of coated or un- Mgk temperature properties, but also prolongs the use- 
coated refractory metals. The present invention differs ful service life of the ductile fiber reinforced composites 
from the prior art in several respects: <* ue to the fact that the diffusion barrier coatings are less 

1. The starting (raw) materials used for the fabrica- prone to attack by silica. 

tion of consolidated bodies is different in this invention 50 The respective CTE's of the reinforcing material and 

when compared to the prior art in that the present pro- the MoSi 2 matrix may be tailored according to the pres- 

cess utilizes elemental molybdenum, silicon and carbon ent invention to as close a "match" as possible. It will 

f r the production of mechanically alloyed powders of depend upon the ultimate use to which the composite is 

the desired ternary composition which are subsequently to be put that will dictate the closeness of the "match" 

mixed with particles, fibers or laminates of the ductile 55 as will be apparent to those skilled in the art. 

refractory metal and consolidated to synthesize ductile We claim: 

phase toughened MoSi 2 composites, whereas the prior A method for producing a substantially silica-free 

art uses a mixture of commercial MoSi 2 powder mixed composition of matter comprising a matrix of MoSi 2 

with the ductile reinforcements as the starting material. having SiC dispersed therein, said matrix being rein- 

2. The method of MoSi 2 powder production is en- 60 forced with a particulate ductile refractory metal, said 
tirely different in the present process which utilizes a method comprising providing a composite of said par- 
solid state, high energy attrition process called mechan- ticulate ductile refract ry metal and a substantially 
ical alloying to synthesize a mixture of molybdenum silica-free composite mechanical alloy powder compris- 
and MoSi 2 which has unique characteristics, while the ing MoSi 2 and SiC having a composition in that segment 
prior art processes use commercially available powders 65 of th ternary diagram of FIG. 1 designated A, and 
of the MoSi 2 compound. consolidating said composite of ductile refractory metal 

3. The present invention utilizes a uniform dispersion and mechanical alloy powder, th coefficient of th rmal 
of micron-sized silicon carbide particles that are formed expansion of said MoSi 2 matrix having SiC dispersed 
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therein being substantially equivalent to that of said 
ductile refractory metal. 

2. The method of claim 1 wherein said ductil refrac- 
tory reinforcing metal is in the form of a particle, fiber 
or laminate. 5 

3. The method of claim 1 wherein said ductile refrac- 
tory reinforcing metal is molybdenum, tantalum, nio- 
bium, tungsten, vanadium or their alloys. 

4. The method of claim 1 wherein said composite of 
ductile refractory metal and substantially silica-free 10 
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composite powder is consolidated by a powder metal- 
lurgical method. 

5. The method of claim 4 wherein said composite of 
ductile refractory metal and substantially silica-free 
composite p wder is consolidated by hot pressing. 

6. The compositi n of matter formed by the method 
of claim 1. 

7. An article of manufacture comprising the composi- 
tion of matter of claim 6. 
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